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A seart for the Higgs bé)son is preserted in H ! WW | e decays in pp collisions at
a center-of-mass energy of = s = 1:96 TeV. The data, corresponding to an integrated luminosity
of 0.64fb lanalyzed here, have been collected from June 2006 to April 2007 with the Run |Ib
D detector. The data is combined with a previous result from a non overlapping data set. No
excessabove the standard model background has beenobsered and limits on the production cross
section times branching ratio BR(H! WW ) are preserted. The combined result usesa total
lumionsity of 1.7 fb with correspondingly better sensitivity than either analysis alone.
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. INTR ODUCTION

In the standard model (SM) the Higgs bosonis crucial to the understanding of electroveak symmetry breaking and
the massgeneration of electroweak gaugebosonsand fermions. Direct searhesat the CERN e* e collider (LEP)
yield a lower limit for the Higgs bosonmassof my > 1144 GeV [1] at 95% CL. Indirect measuremets via ts to the
electroweak precision data give an upper bound of my < 144GeV [2] at 95% con dence limit.

In this note a seard for Higgs bosonsdecaying to the WW nal state in the D experiment at the Tewatron is
preserted. To achieve a good signal-to-badkground ratio, the leptonic decay modeH ! WW ! e is considered,
leadingto nal stateswith oneelectron, one muon and missing transversemomertum. This decay mode provides the
largest sensitivity for the standard model Higgs boson seard at the Tevatron at a massof My 160 GeV [3{5]. If
combined with seardesexploiting the WH and ZH assaiated production, this decay mode increasesthe sensitivity
for the Higgs bosonseardesin the low massregionMy 120 GeV.

Upper limits onthe H! WW | e crosssection have already been presenried in Ref. [6, 7]. In the presen
analysis data from Run IIb is used; however, so far only the e nal state has beenconsidered. Upper limits on
the production crosssectiontimes branching ratio BR(H! WW ) arepreseried. The data sampleusedin this
analysis haﬁ beencollected betweenJune 2006and April 2007by the Run IIb D detector at the Fermilab Tevatron
collider at © 5= 1:96 TeV, corresponding to an integrated luminosity of  0:64 fbo 1. This result using Run I1b data
is corrblined with existing results using Run lla data for the nal result quoted here, giving a total data sample of
1.7 ~.

Il. THE D DETECTOR

We briey describe the main components of the D Run |Ib detector [8] important to this analysis. The certral
tracking system consistsof a silicon microstrip tracker (SMT) and a certral b er tracker (CFT), both located within
a 2.0 T axial magnetic eld. The SMT strips have a typical pitch of 50{80 m, and the designis optimized for
tracking and vertexing over the pseudorapidity rangej j < 3, where = In(tan ;) with polar angle . The system
has a six-barrel longitudinal structure, with ead barrel a set of four silicon layers arranged axially around the beam
pipe, interspersedwith sixteenradial disks. The CFT haseight thin coaxial barrels, ead supporting two doublets of
overlapping scintillating b ers of 0.835mm diameter, one doublet parallel to the beam axis, the other alternating by

3 relative to the beam axis.

A liquid-argon/uranium calorimeter surrounds the certral tracking system and consists of a certral calorimeter
(CC) coveringto j j 1:1, and two end calorimeters (EC) extending coveragefor j j < 4:2, eat housedin separate
cryostats [9]. Scirtillators betweenthe CC and EC cryostats provide sampling of shaversfor 1.1< j j < 1.4.

The muon system s located outside the calorimeters and consistsof a layer of tracking detectors and scirtillation
trigger counters inside toroid magnets which provide a 1.8 T magnetic eld, followed by two similar layers behind
ead toroid. Tracking in the muon systemfor j j < 1 relieson 10 cm wide drift tubes[9], while 1 cm mini-drift tubes
areusedfor 1< j j< 2 [10.

TheH! WW ! e ; candidates are selectedby triggering on single or di-lepton events using a three level
trigger system. The rst trigger level useshardware to select electron candidates based on energy deposition in
the electromagnetic part of the calorimeter and selectsmuon candidates formed by hits in two layers of the muon
scirtillator system. Digital signal processorsin the secondtrigger level form muon track candidate segmets de ned
by hits in the muon drift chambers and scirtillators. At the third level, software algorithms running on a computing
farm and exploiting the full evert information are usedto make the nal selectionof everts which are recorded for
oine analysis.

Ill.  EVENT SELECTION

In the further oine analysiselectronsare identied by electromagneticshaversin the calorimeter. These shavers
are chosenby comparing the longitudinal and transverseshower pro les to those of simulated electrons. The showers
must be isolated, deposit most of their energyin the electromagnetic part of the calorimeter, and passa likelihood
criterion that includes a spatial track match and, in the CC region, an E=prequiremert, whereE is the energyof the
calorimeter cluster and p is the momertum of the track. All electronsare required to be in the pseudorapidity range
j ] < 3:0. The transversemomertum measuremeth of the electronsis basedon calorimeter cell energy information.

Muon tracks are reconstructed from hits in the wire chambers and scirtillators in the muon system and must
match a track in the certral tracker. To selectisolated muons, the scalar sum of the transverse momertum of all
tracks other than that of the muon in a coneof R = 0:5 around the muon track must be lessthan 4 GeV, where
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is the azimuthal angle. Muon detection is restricted to the coverageof the muon system

j ] < 2:0. Muons from cosmicrays are rejected by requiring a timing criterion on the hits in the scirtillator layersas
well as applying restrictions on the position of the muon track with respect to the primary vertex.
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FIG. 1: Distribution of the invariant mass M,
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(left) and the distribution of the missing transverse energy E ; after the
initial transverse momentum and di-lepton invariant masscuts (Cut 1, preselection).

Selection criterion

Value

Cut 1 Preselection

ID, leptons with opposite charge

and p; > 15GeV and p; > 10GeV, me > 15GeV

(remove events with 2e or 2

if 75GeV < M < 105 GeV)

Cut 2 Missing transverseenergy E ; E; > 20GeV
Cut 3 E 3@ E 3@ > 7 (for Nye > 0)
Main (LE;)> 45GeV(My = 120 GeV)
Mgin (ILE;)> 50GeV(My = 140 GeV)
Cut 4 My, (LE;) Mmin (I5E;) > 55GeV(My = 160 GeV)
Mgin (ILE;)> 60GeV(My = 180 GeV)
Myin (ILE;) > 65GeV(My = 200 GeV)
Cut 5 Invariant massMe Me < My =2 GeV

Cut 6 Sumof py + py + E

My =2+ 20GeV < pr + pr + E; < My

Cut 7 Hr (scalar sum of p2®)

Ht < 100 GeV

TABLE I: Summary of the selection criteria for a the di eren t Higgs masses.

The decay of two W bosonsinto electronsor muons results in three dierent nal statese*e + X (eechannel),
e + X (e channel),and * + X ( channel), each of which consistsof two oppositely charged isolated high
transversemomertum, pr, leptons and large missingtransverseenergy E ; , due to the escapingneutrinos. The evert
kinematics change signi cantly as a function of Higgs mass. The analysis sensitivity is improved by using selection
requiremerts which depend on the Higgs mass,thereby re ecting the changing kinematics [3].

In the considerde nal state, the two leptons originating from the samevertex are required to be of opposite
charge, and must have p§ > 15 GeV for the electron and p; > 10 GeV for muon. In addition, the di-lepton invariant
massis required to exceed15 GeV (Cut 1, preselection). In Fig. 1 the comparison betweendata and Monte Carlo
(MC) is shawn for the invariant massof the dilepton system and the missing transverseenergy at the preselection
level. Figure 2 shows the good agreemen between data and MC in e distribution after applying the lepton
transversemomertum and di-lepton invariant masscuts. The background is largely dominated by Z=  production
which is suppressedby requiring the missing transverse energy E ; to be greater than 20 GeV (Cut 2). Everts
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FIG. 2: Distribution of the opening angle e (left) and the output of the neural network after applying the initial

transverse momentum and di-lepton invariant masscuts (Cut 1). The expected signal for the standard model Higgs of mass
160 GeV is also shown.

are further removed if the E ; could have been produced by a mis-measuremen of jet energies. The uctuation
in the measuremen of jet energy in the transverse plane can be approximated by E®t sin 1t where E*t s
proportional to ~ Elet. The opening angle (jet; E ) betweenthis projected energy uctuation and the missing
transverse energy provides a measure of the contribution of the jet to the missing transverse energy The scaled
missing transverseenergy de ned as:

E_?caled = g P - ET- 2 (1)
i=jets ( E' sin ' cos (i;Ey))
is required to be greaterthan 7 (Cut 3).

The cuts on the minimal transverse mass M 1, (I;E ;) between the lepton and the missing transverse energy
(Cut 4), the invariant mass of the dilepton system (Cut 5) and the sum of the lepton transverse momerta plus
the missing transverse energy (Cut 6) are Higgs mass dependent and optimized to further suppresscortributions
fromz= ,WW,WZ,ZZ, W ! | bad<arounds. The minimal transversemassM [T, (I;E ;) of either lepton and

E; (Cut 4)intheevent M, (5E;)= 2pE; (1 cos (I;E;)) isrequiredto be more than 45, 50, 55, 60,
65 GeV for the Higgs masses120, 140, 160, 180 and 200 GeV, respectively. Since the charged lepton system and
the two neutrinos are emitted back{to{bac k, the invariant massfor the Higgs decays is restricted to My =2. Thus,
depending on the Higgs massMy the invariant massMe is required to be M, < My =2 (Cut 5). The sum
of the lepton transverse momertum pr and the missing transverse momertum E ; is required to be in the range
My =2+ 20GeV < p} + p'T0 + E; < My (Cut 6). tt everts are further rejected by a cut on Hr < 100GeV, in which
Ht is the scalar sum of the pt of good jets in the event (Cut 7).

Finally, the spin correlationsin the decay of the Higgsbosonare used. The leptons of the Higgs decay tend to havea
small opening angle, whereasleptons from most of the backgrounds are expectedto be back-to-back. In Fig. 2 on the
left side the distribution of the lepton opening anglein the transverseplane is shawvn after the pre-selection
(Cut 1). This variable together with transversemomerta of the leptons, the invariant mass,the missing transverse
energy E 1 , the anglesbetweenthe leptons and the E ; and the minimum of both transversemassof the leptons and
E ; are usedto build a neural net to discriminate signal versusbackground. The most important badkground is WW,
ascan be seenin Fig. 3 on the left side. Therefore the neural net is trained consideringonly this asbadground. The
output variable of the NN is shown after Cut 1 on the right sidein Fig. 2.

IV. BA CK GR OUNDS

The signal and standard model background processeshave been generated with Pythia 6.319 [11] using the
CTEQ6.1M parton distribution functions, followed by a detailed geant -based[12] simulation of the D detector.
Using the NLO crosssectionscalculated with hdecay [13] and higlu [14] and branching fractions BR of 0:1072
0:0016for W! e and 0:1057 0:0022for W ! [15], the expected number of everts forH! WW | e is
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FIG. 3: Distribution of the neural network output after Cut 4 (left) and after the nal selection (Cuts 1-7). The expected
signal for the standard model Higgs of mass 160 GeV is also shown.

TABLE |I: Number of signal and background events expected and number of events obserned after the Ht selection cut is
applied. Only statistical uncertainties are given.

Mu (GeV) 120 140 160 180 200

H >wWw 0.117 0.00002 0.444 0.0001 0.69 0.0001 0.543 0.0001 0.237  0.00003
Z= 11 0:73 011 0:48 0:10 0:15 0:.01 0:.06 0:.01 0:.06 0:.01
Diboson (2Z, Wz, WW) 7.2 0011 9:83 0:14 10647 0:15 9:76 0:14 7:.89 0:13

tt 0:28 0.01 0:73 0:.01 1.4 001 1.9 001 2.2 001

W +jet/ 5:62 1.00 47 07 43 07 37 07 37 07
Multijet 0:04 0:001 0:01 0:0001 0:005 0:0004 0 0
Background sum 139 07 159 0:656 165 0:632 154 0:588 139 0:582
Data 12 15 13 13 9

0:38 0:01(stat) everts for a Higgs bosonmassM = 160 GeV. The expected signal for all consideredHiggs masses
is given by the rst line of Table Il.

The Z= ! I crosssection is calculated with CTEQ6.1M PDFs as (Z= ! II) = |0 Kocp(Q?) (with Q2
the momertum transfer), with the LO cross section calculated by Pythia LO PDF and the Kocp at NNLO with
NLO PDF, calculated accordingto [16, 17]. The crosssection times branching ratio of Z= ! |l production in the

invariant massregion 60 GeV < M < 130GeVis BR = 2416pb. The W ! e badckground levelis calculated
with NNLO correctionsand CTEQ6.1M aslisted in [17]. For inclusive W bosonproduction with decays into a single
lepton avor state this value is BR = 2583pb. The calculations of Ref. [18] are used for tt production with

BR = 0:076 pb with single avor lepton decays of both W bosons. The NLO WW, WZ and ZZ production
cross section values are taken from Ref. [19] with BR = 0:15 pb for WW, BR = 0:014 pb for WZ and

BR = 0:002pb for ZZ production with deca into a single lepton a vor state. The badkground due to multijet
production, when a jet is misiderti ed asan electron, is determined from the data using a sampleof like-signdi-lepton
everts with inverted lepton quality cuts (called QCD fakesin Figs. 2).

The data samplesizeis determined by normalizing the electron-muon invariant massdistribution (seeFig. 1) to the
NNLO z= ! I e crosssection. The estimated data samplesizewasfound to be of the order of ~ 0.64fb 1.
Data/MC electronand muon correction factors have beenapplied to MC beforenormalization to Z= ! I e .
By using this method to estimate data samplesize,the limit onthe H! WW ! e crosssection is calculated
relative to the NNLO Z= ! |l crosssection. Systematic errors, coming from the luminosity determination, on
data/MC correction factors are canceledby using such a normalization procedure.

A summary of the badkground contributions together with signal expectations and everts obsenedin the data after
the nal selectionis shown in Table Il. Since after all selection cuts the remaining candidate events are consisten
with the badkground expectation, limits on the production crosssection times branching ratio BR(H! WW )
are derived using a method described in Ref. [20]. This method calculates the cross section limits at 95% C.L.
with the integrated luminosity, number of background ewverts, signal acceptanceand number of events in data with
corresponding errors asinputs. The uncertainty on the background wasdetermined from the statistical and systematic



TABLE |I1I: Combined observed and expected upper limits at 95% C.L. crosssection ratio for BR(H! WW )ande
nal states for di erent Higgs boson massesMy .

Mu (GeV) 120 140 160 180 200
Observed upper Limit ratio 38.2 11.8 35 5.1 104
Expected upper Limit ratio 37.3 11.2 55 8.4 18.2

uncertainty.

V. LIMIT SETTING

Various sourcesof systematic uncertainties a ect the background estimation and the signal e ciency of H! WW
production in e nal states: theoretical uncertainty of WW, tt and Z= production crosssections, Jet Energy
Scale (JES), electron and muon reconstruction e ciencies and resolutions. In the low massregion, the uncertainty
is dominated by the jet energy scaleand variations in the W + jet= contribution. With increasingHiggs mass,this
uncertainty is decreasingbecauseof the decreasingcortribution of W + jet= events. Sincethe WW production is
the dominant badkground for Higgs bosonsabove My = 160 GeV, the systematic uncertainty is dominated by the
error on the WW production crosssection. Until the systematic errors are completely studied, systematic errors of
10 % and 15 % for the signal and badkground respectively, basedon the previousresults [6], are used. The systematic
uncertainty on the luminosity normalization factor is taken to be 5 %. It results from the NNLO Z= ! |l cross
section uncertainty (3.6 %) and statistical error on data/MC normalization factor of 3 %.

Tablelll presens the expected and obsened upper limits at 95% C.L on the crosssectiontimes branching ratio for
di erent Higgs bosonmassesMy . The limit is obtained by using the NN output show in Fig. 3 (for 160 GeV Higgs
mass) combined with the 1 fb ‘limit obtained in [7]. For setting and combining the limit the procedure described
in [21] has beenfollowed. The limits are combined using the CLs method with a log-likelihood ratio. Systematics
are treated as uncertainties on the expected number of signal an badkground everts, not on the outcome of the limit
calculations. The CLs approadc here utilizes binned nal-v ariable distributions (in our caseit is the output of the
neural net) rather than a single bin (fully integrated) value.

Figure 4 shows the calculated expected and obsened cross section limit ratios for BR(H! WW ) for the
di erent Higgsbosonmasses.In Fig. 5 the absolute combined expectedand obsened limits are shawn for the di erent
Higgs boson masses.

VI.  SUMMAR Y

,6 seard for the Higgs bosonis presetedin H! WW ! e decays in pp collisions at a certer-of-massenergy
of " s= 1:96 TeV. The data, collected from June 2006to April 2007with the Run Ilb D detector, correspond to an
integrated luminosity of the order of  0:64fb 1. The number of events obsenedis consistert with expectations from
standard model badkgrounds. The data analysedhereis combined with a previous result from a non overlapping data
set. The combined result usesa total lumionsity of 1.7 fb forthe H! WW | e channel on the production
crosssectiontimes branching ratio BR(H! WW ).

Ac knowledgemen ts

We thank the stas at Fermilab and collaborating institutions, and adnowledge support from the DOE and
NSF (USA); CEA and CNRS/IN2P3 (France); FASI, Rosatom and RFBR (Russia); CAPES, CNPq, FAPERJ,
FAPESP and FUNDUNESP (Brazil); DAE and DST (India); Colciencias(Colombia); CONACyYT (Mexico); KRF and
KOSEF (Korea); CONICET and UBACyYT (Argentina); FOM (The Netherlands); Scienceand Tednology Facilities
Council (United Kingdom); MSMT and GACR (Czech Republic); CRC Program, CFl, NSERC and WestGrid Project
(Canada); BMBF and DFG (Germany); SFI (Ireland); The Swedish Researtr Council (Sweden); CAS and CNSF



De Prellmlnary L=1.7 fb

N
o

- — Observed Limit
e EXpected Limit

Limit/ s(pp® H)'BR(H® W'W)
- N N w w
(6] o o1 o (6}
|

=
o

my (GeV/cz)

FIG. 4: Expected and observed 95% CL crosssection ratio of the combined Run Ila and Run IIb analysesfor H'! WW .
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